C'/Q- 15.2307

NT79-291986
s (NASA-CR-‘ISZBO") AN IN-PLIGHT SIHULAngwER
o IHVESTIGATION OF ROLL ARND YAW CONTRg:“DI!G.

REQUIREMENTS FOR STOL APPROACH ANDIHI'ARY s snclas

DREYBILODMENT 0¥ CAPABILITY ANDJP;!EI.!W p 33708 1126

S !Princeton gniv., N. J. :

RESULTS Pl Lnce e Unl\fersny

LS |

R ek 2

.y

e )
e

Deﬁaftment of
Mechanical and
Aerospace Engineering

L2 . T e r— . . —— -




A

ax

)

AP

MAE 1422

AN IN-FLIGHT SIMULATOR INVESTIGATION OF ROLL AND
YAW CONTROL POWER REQUIREMENTS FOR STOL APPROACH
AND LANDING: DEVELOPMENT OF CAPABILITY AND
PRELIMINARY RESULTS

April 1979

Prepared for:

AMES RESEARCH CENTER
National Aeronautics and Space Administration
Moffett Field, California

Under Contract Number NAS2-7350

Prepared by:

D. R. Ellis
S. C. Raisinghani

FLIGHT RESEARCH LABORATORY
Department of Mechanical and Aerospace Engineering
Princeton University
Princeton, New Jersey N8544




Pay

TABLE OF CONTENTS

1. GENERAL INTRCOUCTION . . ¢ o o o o » «
1,1 STOL Flying Qualities Research .

1.2 Program Objectives e o o & o © @

2. TECHNICAL DISCUSSION . . v 4 & ¢ o « @

2.1 Control Fower Requirements . . . . . .

2.2 Crosswind Landings and Their Simulation

2.3 Turbulence Simulation . ¢« ¢ ¢« « o o o &«

3. DESCRIPTION OF EXPERIMENT ., . . . . .
3.1 In-Flight Simulator . . « « « o &
3.2 Crosswind Simulation ., . . . . .
3.3 Turpulence Simulation . . . . . .
3.4 Test Con{igurations « « « o« o o &

3.5 Evaluation Procedures ., o« « o« «

4, RESULTS AND DISCUSSION « ¢ & 4 o o o
4.1 General Remarks . . 4 o o & o & o«
4.2 Configurations Tested . . + . « &
4.5 Evaluation Task . 4 o ¢ o o « o «

4,4 Pilot Rating Trends . o « o« « & &«

5‘ CONCLUSIONS L] . L] . - L ] L d . - L[] - L] L

APPENDIX A. VARIABLE-RESPONSE RESEARCH AIRCRAFT
APPENDIX B, SIDE FORCE AUTHORITY . ¢« ¢ ¢ o o &

REF ER:NC ES * & @ o o o 5 ¢ s o » * & e © s & o

o e ——

3-1
3-1
3-1
3-4
3-4
3-9
4-1
4-1
4-1
4-2
4-3

5-1

A-1
B-1

R-1

ot o Ao’



(R

o

AN IN-FLIGHT SIMULATOR INVESTIGATION COF ROLL AND YAW CONTROL
POWER REQUIREMENTS FOR STOL APPROACH AND LANDING:
DEVELOPMENT OF CAPABILITY AND PRELIM: 'ARY RESULTS

by

D. R, Ellis and S. C. Raisinghani

i. GENERAL INTRODUCTION

1,1 STOL FLYING QUALITIES RESEARCH

Although the general feasibility of STOL transports is widely
accepted, utilizing any of several possible means of generating the
needed 1lift at low cpecds, the problem of how to config.re the airplane
and its control systein to provide adequate handling qualities is still
being actively pursued. Broadly speaking, the prouolem is one of pro-
viding the pilot with the means to suppress upsets and control the
flight path accurately -- especially during the landing approach and
touchdown -- under the adverse conditions which will frequently be

encountered in STOL operations.

For future large STOL aircraft, unfortunately, the combi. *ion
of slow approach speed and relatively high inertias results in poor fly-
ing gqualities during landing approach. The reduction in dynamic pressure
alone affects the basic stability churacteristics of the aircraft and
reduces its control effectiveness., The problem is further complicated
by the presence of environmental disturbances; even moderate levels of

rbulence, wind gradients, and steady wind have effects on the flight
path and demand concentration and timely control inputs by the pilot,
The slow, steep approach, if not inherently difficult in itself, at least
may create probliems in judging and controlling the flare and touchdown

phases of the landing. At the same time, the requirements for accuracy
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are eatreme, since the x._-way may be short and elevated or surrounded
by obstacles, and visuzl cues may be deficient during night or bad

weather operations,

These problem areas hav: been identified and discussed for
some time within the research conmunity and the need for further work
is clearly indicated (Ref, 1 and 2, for example)., Some of this research
is already underway, using advanced analytical techniques and greund-
based simulators. However, even the most enlightened analysis is usually
incapable of fully describing the complex piloting uperations, and even
the most advanced ground-based simulators may have deficiencies in motion
capability and visual cues for landing; thus, it is desirable to confirm
the results obtained from those sources in flight before they are fully
acct pted for design use. Complete confidence will only come with the
flying of actual STCL transports, of course, but an interim approach is
to use in-flight STOL simulation to validate, and possibly expand, the
knowledge gained in other ways, The investigation described in this
report deals with such a program of in-flight STOL approach and landing
simulation utilizing one of Princeton's Variable-Response Research
Aircraft. This machine is capable of simulating a broad range of STOL
vehicle response characteristics, with correct representation of tash

and disturtances; it is described in some detail in Appendix A.

1.2 PROGRAM OBJECTIVES

It is apparent from recent efforts in STOL simulation that
most of the outstanding handling problems are those related to path
control rather than stabilization in the small perturbation sense.
Quite a bit is known about desirable levels of rotary damping and
static stability (Ret. J-€), and it seems likely that any production
vehicle will be equipped with reliable stability augmentation suffi-
cient to provide at least minimum acceptable levels in those areas.
On the other hand, we appear to be just now gaining an understanding

of how the various vehicle parameters influence path and speed control
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during approach and touchdown. Furthermore,the question of what con-
stitutes adequate conirol power to satisty combined trim, maneuvering,
and gust suppression requirements is, in most respects, without a

definitive answer.

The broad objective of the program is to investigate through
in-flight simulation some important aspects of the lateral-directional
control power requirements during the STOL approach and landing in

the presence of external disturbances. This includes:

e Investigation of the roil- and yaw-power requirement
for approach-and-larding flight phases and, in
particular, to determine the desirable anc¢ acceptable
control power lesvels in presence of crosswind and/or
turbulence, considering both sideslip and crabbed
approaches.

¢ To evaluate lateral-directional parameters which may
affect the control power requirenents, especially in
presence o a crosswind.

@ To investigate the various roll and yaw response

criteria with a view to extending and updating those
suggested in Ref. 1.
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2. TECHNICAL DISCUSSION

2.1 CONTROL POWER REQUIREMENTS

The STOL transport designer is faced with the problem of
nroviding adequate control power for large, high-inertia vehicles
flown at speeds so low that conventionally-sized aerodynamic surfaces
are inadequate. Since providing excess control power will result in
penalties in terms of power and weight, it is important to determine
the minimum required to perform critical tasks. Control power demands
are most likely to be highest during the approach and landing, since
the pilot must be able to combine approach maneuvering (localizer
tracking and runway offset) with gust upset suppression and crosswind
correction. In addition to such mission and task dependence, the
control powar requirements will be influenced by the basic dynamic
characteristics of the airplane. Low dihedral effect, for example,
will lessen demands on roll control power in sideslipping crosswind
corrections and in turbulence. Low directional stability will favor easy
sideslip entry, small steady rudder deflections for intentional sideslips,
and small yaw response to turbulence. Either very :.arge or very small
levels of rotary damping will lead to increased demands on control
power in the first case to overcume sluggishk response, in the second

to cope with motion overshoots.

The present program is directed toward this question and
represents developrent of a facility to determine the minimum lateral-
directional control power for desircble and acceptable levels of
handling qualities for the STOL landing approach task in 8 variety of
simulated atmospheric disturbance conditions for a range of lateral-

directional response characteristics.
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2.2 CROSSWIND LANDINGS AND THEIK SIMULATION

STOL aircraft are in some respects more adversely afte .ted
by atmospheric disturbances than CTOL aircraft -- because of reduced
approach speed the steady wind component may .e as much as 40 to 50
percent ¢f the airspeed. Furthermore, the _ocation of STOL landing
sites may be in areas surrounded by trees or buildings which expose
the STOL aircraft to severe atmospheric disturbances. Also, the choice
of landing strip (in terms of direction) may be limited. Thus, it
seems likely that STOL aircraft will perform crosswind landings more
often than CTOL airplanes do.

Two different techniques normally are used in crosswind land-
ings: the wing-low (or sirdeslip) approach and the crabbing approach.
In the sideslip approach, the upwind wing is lowered to produce a lift
component equal to the crosswind force, and opposite rudde:r is applied to
keep the airplane's longitudinal axis aligned with the runway heading.
In the crabbing approach. cne aircraft is turned in the direction cof the
crosswind to a degree sufficient to prevent the drifting of the air-
plane with respect to the ground. Because of the lack cof sideslip, the
aileron and rudder coutrnls are essentially neutral, and the wings are
level. The heading is aligned with the runway just beiore the touch-
down. In practice, the two techniques are often combined (that is, a
crabbing approach transitioning to a wing-low sideslip shortly before

touchdown).

To simulate crosswinds, Princeton's 6-degree-of-freedom
Variable-Response Research Aircraft (Navien 91566) has been modified
suitably and is shown in Fig. 2-1, Two servo-driven surfaces (referred
to hereinafter as side-force surfaces) have been installed on each wing
(see Fig. 2-2). These are used to balance all or part of the side-force
developed when the Navion is flown in a steady sidesli-, thereby present-

ing the pilot with the impression of flying a crabbiug crosswind
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Figure 2-1,

Variable-Response Research Aircraft (VRA).
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correction. The side-force surfaces are capable of generating +0.25-g
peak lateral acceleration at 75-kt airspeed and a steady sideslip of
nearly 215 deg, with some margin left for simulating dynamics (e.g.,

to reduce YB). A 15-kt crosswind component for a flight speed of 75-kt
may be comfortably simulated. At higher sideslip angles, flow separatio:
on the side-force surfaces leads to buffeting. For safety considerations,
the crosswind simuiation is restricted to 20-kt at the flight speed of
75-kt. Some details of the flight experiments flown to define side-force
authority are given in Appendix B.

2.3 TURBULENCE SIMULATION

The level of control power acceptable for a no-turbulence con-
dition may not be adequate when landing in the presence of turbulence, and
any simulation should include a reasonable realistic representation

of such disturbances. Fach of the components of a turbulent atmospheric

field produces aerodynamic loads on the airplane leading to excitation
of airplane motions, the response depending on the stabtility derivatives
of the airplane. This is simulated with the Navion by means of appro-
priately scaled and filtered tape recorded signals introduced into

the control system. Background and details of this turbulence simula-

tion scheme are given in Ref. 7 and 8.

o et v r—— o A M A R b o
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3. DESCRIPTION Of EXPERIMENT

3.1 IN-FLIGHT SIMULATOR

The flight evaluation program was conducted in the Princetor
Variable-Response Research Aircraft, shown in Fig. 2-1 and described in
detail in Appendix A. Some of the important features of this airplane
rclevant tu the present investigation are as follows:

e Aerodynamic forces and moments are independently vari-
able. This is done hy electro-hydraulic actuation of
throttle, direc 1ift flaps, elevator, aileron, ruddex
and side-force surfaces.

® There is provision for changing, in flight, the maxi-
mum roll and ve. control power through the use of
electronic limiters; control sensitivity (rad/secz/ﬁn
is variable independent of maximum controul power.

8 Separate "fly-by-wire" cockpit cc.crols are used by
the evaluation pilot. The evaluation cockpit has a
standard IFR instrument display and a sideslip (R)
meter.

e Telemetry is used to acquire moticn parameters (linear
accelerations, angular rates, attitude and heading),
control inputs, control surface positions, and per-
formance measures such as localizer and glide slope
deviation. The telemetry system has 43-channel capa-
city. Telemetry data and voice comments are tape
recorded.

3.2 CROSSWIND SIMULATION

Servo-driven side-force surfaces provide the capability for
simulation of crosswinds (the airplane is flown in a steauy sideslip
with just enough side-force surface deflection to cancel the side-force

which develops through Y, and Ydr: the resulting wings-level, ball-

g

centered sideslip appears to the pilot as a ''crabbing' crosswind
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correction). The side-force surface authority, determined through the

steady sideslip experiments discussed in Appendix B may be expressed as;

Y
-%X- = %V-%%;-= 0.25 sec > rad'l at V = 75 kt.

The following ranges of variables are considered:
e Maximum lateral acceleration = % 0.25 g @ V = 75 kt.

e Maximum steady sideslip capability = * 15°

e Maximum crosswind simulation at flight speed of 75 kt

~ 20 kt

It should be pointed cut here that tne limitation on the side-
slip capability (or maximum crosswind simulation) arises due to flow
separatinn and the resulting buffeting at large side-force surface
deflection; the surtace deflection itself is not ~ited. This may
be seen in Fig. 3-1, which shows the crosswind simulated as a function
of side-fexrce surface deflection. Furthermore, the amount of side-force
surface deflection needed for a specific crosswind simulation is also

dependent on the value of YB, since YBS = Ydyéy {(neglecting YGr)’

where B = vcw/v with Vew denoting the crosswind, and V denoting the

flight speed. Thus, we may write,
Sy = YB/Yéy . VCW/V

To generate pure side-force when the side-force surface
is deflected, interconnects were provided beisven the side-force
surface deflection and ailerons and iuddev. £y =analog matching, it
was possible to Jind the correct goin se*.ings for crossfeed such that
the rolling moment due to side-force surface deflection, Ldy ; and

yawing moment due to side-force surface, Néy , are both zero.

3-2
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3.3 THRRIIENCE SIMUTATION ;

The wodel of the turbulence-induced aerodynamic disturtances
used in the present investigation is described in Ref. 7 and 8. A
brief account of the model is incliuded here for completeness. The
contribution of the longitudinai (ug) v.iCcity . mponent to the air-
plane's gust response is assumed to be negligivie compared to the
lateral (vg) and vertical (wg) components. The lateral {vg) velocity
corponent is taken to be constant along the x and 7 axes, whereas for the
vertical (v,) velocity component, both % fong’ the component
of wg that is constant along y axis, and wg lat’ accounting for the
spanwise gradient of the vertical gust, are included. Prefiltered gaussian
white noise is recorded on three channels of the tape to repr.sent the three
uncorrelated random gust components corresponding to wg long’ wg lat
and Vg' These signals are passed through filter circuitry in which
the desired spectral characteristics are achieved by varying the
filter break frequency according to the simulation model. By adjust-
ing the gains, it is possible to match the required rms gust veiocity
and asrodynamic stability in the separate axes. Separaticn of the
tail surface from the wing is simulated by using a first-order Padé
time del.v approximation. Finally, the filtered signals are fed to

their respective control surface servos.

Gust intensities of 5.5 ft/sec rms were simulated for all the

three gust components, namely, w and According

v .
g long’ wg lat’ g lat
to Ref. 9, the probability of equaling or exceeding this rms gust

veliocity once the turbulence is encountered is about ten percent.
3.4 TEST CONFIGURATIONS

Table 3-1 below lists designators (such as X-15), derivatives,

and modal characteristics for a set of suitable test configurations.



TABLE 2-1
SIMULATED STCL A1RPLANE CONFIGURATIONS

Y -0.075 ! -0.125
B |
Ty 0.4 ,{ 0.1 0.1
| i |
wy 1.3 | 0.8 ! 1.3 0.8 1.3 1 0.8
: | ; — :
| N=-0.1 bxe1s ' x-7 X-6 X-3 ¥-20 X-18 |
' N=-0.3 1 X-13 . x-Q X-4 X-1  X-22  X-16

Parameters Common to all Configurations:

T =0.5 L =0.75
T T
T, Variable, neutral or N -0
sligntly unstable Sa =
V. =75kt L =0
o Sr

Discussion of Configurations - The influence of the Dutch roll

characteristic on the lateral-directional handling qualities has been

amply demonstrated in the past for all categories of airpl-nes. Dutch

oll frequency,wd, and damping, Kd’ strongly affect the piloting

technique employed for the landing-and-approach pha-. of tk flight.

As reported in Ref. 23,the combination of Cd and Wy has a direct effect

on the pilot's ability to handle a crosswind approach -- specifically,

low damping ratio does not present serious problems at high Dutch

3-5
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roil frequency but becomes a major problem at low frequency.

Therefore, four basic Dutch roll variations were chosen for study:

® High &y (= 0.4) and high Wy {1.3 rad/sec) (Highly augmented)

e High Cd (= 0.4) and low “@y (6.8 rad/sec)

¢ Lovw Cd (= 0.1) and high Wy (1.3 rad/sec)

e Low Cd (= 0.1) and low Wy (0.8 rad/sec) (No augmentation)

The roll mode time constant, T, characterizes the rcll response
of the airplane to the aileron input. Past experience (e.g. Ref. 3}
indicates that roll mode time constanis as long as one second do not
aiversely affect the pilot's control in a crosswind. Since most pro-
jected STOL transport airplanes will have wings of reasonably high aspect
ratio, and/or provision for artificial rcil darping, it seemed reasonable
to keep T, constant for all the evaluation configurations of the present

investigation. The value chosen was a nominal TS 0.5 sec.

The spiral mode usually is not considered important for the
landing approach phase of the flight and is, in most studies, fixed at
a neutral value (e.g., Ref. 1C). However. a neutral spiral mode will
require LBNr = NBLr ; thus, moderate to high LB and Nr will result in
large L_ which may not be a representative value for a STOL airplane.
Relaxing the requirement for a neutral spiral mode permits setting
Lr at a representative value. The computational method used involves
setting the coefficients of the characteristic quartic of the homogeneous
lateral-dircctional equations equal to the coefficients of the product
of the roll mode, spiral mode.and Dutch roll mode; values of YB’ LB’ Lr’

Np, Wy Cd’ and Ty are selected, and 1/15, NB’ Nr’ and Lp are solved for.

The magnitude of the side-force derivative, YB , may be an impor-

tant factor for crosswind landings of S10L airplanes, since in a sideslip
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approach, the bank angle required is directly proportional to its
value. It was decided to try two variations, a typical value of

Y8 = -0,125 and 2 smaller value cf YB = -U.u/l.

The cross derivative Np {yaw due to roll) also will affect
the piloting techrique and rudder control power required in side-
slip approaches and landings. A typical value of Np =-0.1 was picked
for most of the evaluation configurations, with a larger value of
Np = -0.3 chosen to isolate the effect of large adverse yaw due to

rcll on the pilot task and control power requirements.

The dihedral stability derivative LB (= -0.4) and roll-due
to-yaw derivative Lr (= .75) were held constant. Although LB does,
in general, have an important influence on roll control power require-
r~nts, values for non-swept wing STOL transports are typically of
the order shown, and it was decided not to include additional varia-
tions in this study. However, it is a factor deserving further considera-
tion.

The cross control derivatives -- yaw due to roll control Nﬁa’
and roll due to rudder, Ldr-—both were set at zero,as might be
done with interconnects on &n actual airplane. The derivative Néa
is well known (Refs. 10 and 11, for example) to influence control of

bank angle, but this effect is small if the level of L, is low, as

B
it is here. Control coordination and yaw c.. trol power will be infiu-
enced by the level and sign of Néa’ but it was xelt that zero levels

would provide a good baseline.

Roll and yaw control sensitivity -- aileron and rudder
deflection per unit control stick or pedal movement --were selected
by the pilot by simply varying the appropriate gain potentiomenter.
To restrict che number of variables, it was decided that the pilot

would be free tc select the most desirable level of control sensitivity

3-7
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during the familiarization flights; oncc selecied, it would be held

at that value throughout the test sequence.

The available control power is varied by .sing cockpit-
adjustable electronic limiters which operate on 1trol sigrals to the
aileron and rudder servos in such a way that the commanded surface
deflections are restricted (Fig. 3-2). The stick and rudder pedals

retain their normal mechanical range.

Surface deflections
3a, -Max
r

Agdjustable limit

_ ac C . .
_———— 3 ockpit confrol deflections
re

Max Adjustabie sensitivity
Figurc 3-2, Aileron and Rudder Limiter Scheme

Since lateral-directional handling qualities during ap-
proach a~’ landing were the primary concern, the longitudinal
characteristics were held constant at generally satisfactory levels
for all the STOL configurations evaluated in the present program.
The important stability derivatives are listed below Nomenclature
of Ref. 12):

- 0.8 ft/sec’/rad

Sy Mg = - 1.7
L = - 0.2)4 rad/sec’/rad M: = - 0.82
M6e = - 8.7 rad/secz/rad MV =0
(©, - T,) = 0.16

(D, - 8) = - 12

3-8
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3.5 EVALUATION PROCEDUFES

The piloting task consisted of an IFR final approach transition-
ing to visual flight at 200-ft AGL, a lateral offset maneuver, and a
flare and touchdown using either wing-low or decrab crosswind correction,

The flight pr-file of a typical run is shown in Figure 3-3. The sequence
of even: " is as follows:

o Familiarization with the configuration

a, Adjust roll and yaw control sensitivities
to desirable levels,

b. Check trimmability and perform small amplitude
maneuvers to find capability of performing
precise changes in bank angle and heading.

@ Intercept localizer at about 1.25 nm from the landing
field and at about 800 ft altitude (this results in
a lateral offset of approximately 200-ft to the right
of the runway due to the location of Talar system),
stabilize the airplane at 75 kt, and turn on simulated
crosswind and turbulence ¢ .ay be appropriate for *he
particular configuration being tested. Fly down to
200-ft altitude following the ILS glide slope of 6 deg.

e At 200-ft altitude, transition to a VFR landing
approach, making an "S" turn maneuver to align the flight
path with the runway centerline.

s Use wing-down "sideslipping" or crabbed short final
approach and land the airplane on (or as close as possible)
to the runway centerline,

The evaluation pilot was asked to commeni upon and rate (using the familiar
Cooper-Harper scale) each run, separating the straight-in, offset, and

landing phases if necessary.

3-9
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Figure 3-3.

CONFIGURATION
AMi LIARIZATION

Evaluation Flight Pattern
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4, RESULTS AND DISCUSSION

4,1 GENFEPAL REMARKS

It should be noted at the outset that the results discussed
herein are of a preliminary nature, based on a limited number of runs
by only one evaluation pilot, albeit with extensive STOL simulation
experience, However, enough testing was completed to indicate certain
trends, and the suitability of the in-fiight simulator for crosswind

landing research was Jemonstrated.

In the course of the testing, data were gathered which bear
on the objectives of exploring roll and yaw control power r.quire-
ments for the croswwind landing maneuver, and on the effects of vari-
ations in yaw due to roll rate and Dutch roll damping ratio. The

testing was too limited to be able to judge various response criteria.

4.2 CONFIGURATIONS TESTED

The discussion in this section will focus on three of the
configurations listad in Table 3-1 of Section 3, namely X-15, X-13, and
X-4, with the first two receiving the bulk of the attention, The only
difference between X-15 and X-13 is in the level! of yaw due to roll
rate (Np = -0,1 and -0.3, respectively); X-4 is the same as X-13
except for a smaller Dutch roll damping ratio (cd = 0.1 rather than
0.4).

Preliminary trials with clearly adequate control sensitivity

>
and control power settings (Lda 2 0.4, Ndr = 0.3; L6 z 1.2,

§a
a  max

>
Nérdr max - 0.7) confirmed sat.sfactory lateral-directional behavior

for all three airplanes on Yo 60, straight-in, no crosswind MLS

4-1
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approaches and landings, meriting pilot ratings of 3.0 for X-15 anAd
X-13 and 3.5 fr.r the more lightly damped X-4, Longitudinal character-
istics were felt to be representative of a well-augmented STOL trans-
port which could be flared to a low sink rate touchdown from the 75 kt

approach without the need for throttle advance.

4,3 EVALUATION TASK

Before considering particular results, it is well to have in
mind the following overall observations on the relative difficulty and

importance of the various parts of the evaluation:

® The MLS-tracking portion of the approach was straight
forward and relatively easy, even with low control
power, due to the small-amplitude corrections -.quired
(the presence of simulated wind shear might change
this, however).

¢ The offset maneuver proved to be relutively difficult
due to its amplitude (200 ft) and close proximity to
the runway threshold. After transition to visval
flight at a 200-ft altitude, the maneuver had to be
initiated without delay in order to be completed in
time for a =hort straight final approach before flare
and touchdown. In rcirospeci, this magnitude of off-
set may be too demanding of roll control power, and
undoubtedly influenced these preliminary findings.

® The touchdown phase could or could not be the most
critical during any given run, depending on the
amount ot simulated crosswind, the correction technique
(decrab or wing-low, or combination) and, of course,
the amount of control power available,

® As a broad generalization, the offset maneuver was the
most critical of the three evzluation phases, especial-
ly when roll contro! power was low; the touchdown out
of a decrab maneuver was critical with low yaw control
power,

4-2
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4.4 "7'IT RATING TRENDS

Roll Control Sensitivity

Pilot r.ting trends with roll control se¢nsitivity are indicated
in Table 4-1, which lists a series of six landings with configuration

X-~15 in various conditions of simulated wind and with both wing-low and

decrab landing techniques., As seen from the table, the fi.st three trials

used Léa = 0,43, and the last three used progressively lower values

ending art Léa = (.17, Rudder power and sensitivity were satisfactory.

The trend is clearly fcor the rating to degrade as sensitivitv
is lowered, although an anomaly appears in the area of contro' usage --
a smaller percentage of available control power being used at the lower
sensitivities than at the higher ones. These are peak measurements,
occurring in the rollout from the offset maneuver; it appears that
the pilot preferred to make relatively brief, large inputs with the high
sensitivity and longer, small inputs (with moie lead) with lower effec-

tiveness, Additional data from more pilots are obviously needed to
confirm this,

Roll Control Power

Pilot rating trends with roll control powe. are shown in Fig.4-1
for various approach and wind conditions. rhe data represent the maxi-
mwn used by the pilot on a given run, this almost invariably occurring
on the rollout from the sidestep maneuver if that was featured on the
approach. It should be noted that the lowest "maximum available" control

powc. u.od in these runs was Loada = 0.7, and was sometimes higher,

max
so the individual points do not necessarily represent cases where the
pilot had the roll control cn the stops; this is a fairly important
point since some pilots cbject strongly to running out of control margin

even if the amount available is just sufficient for the task. (The

4.2




TABLE 4-1

Pilot Rating Trends as a Function of Roll Sensit.vity

Configuration X-15

Maximum Roll
Power Use, % Type of Approach,
Run Lga Left i Right Technique, Wind Rating and Comment
) .43 33 70 Straight-in; i 3.0; Sensitivity and Power
No Crosswind (L§3“3 max=1‘0) Adequate
2 .43 66 83 @ Sidestep, 3.0; Adequate for Sidestep
i ., Wing Low; 10 kt '
' } Left
3 1 .43 20 | 100 | Sidestep, ' 3.35; Based on Sidestep Roll-
i | i Decrab; 10 kt out, momentary full
i : ! Left control; 6r OK.
4 1 .34 64 | 100 ' Sidestep L 4.0
: | : Decrab; 10 kt
' | , Left
5 .25 51 66 | Sidestep + 4,0; Still] Adequate for Side-
E Wing Low; 10 kt | step and Crosswind
1 Left | Correstion,
‘ |
6 .17 69 | 51 | Sidestep i 4.5; Still Adequate
: } f Wing Low; 10 kt
l ! Left 3 |
4-4
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% 4 8 1.2

ROLL CONTROL POWER Lg,8,,rad/sec?

Figure 4-1, Pilot Rating Trends as a Function ¢f Roll Control Power.

outlock here was that although desirable, a margin was not necessary; however,
the increase in workload due to the need for greater anticipation and planning
was accounted for in the rating).

The data indicate that control power as low as L5353 nax = 0,25 - 0.3
(assuming a 0,2 sec ramp control input, this would permit 300 of bank in about
4 sec) might be rated as satisfactory for a basically well-behav.ng airplane
on a straight-in, no-wind, no-turbulence approach, On the other hand, it
appears that clearly adequa.: roll control for crosswinds, sidestep maneuvers
and less than optimum piloting technique requires something more in the

neighborhood of L = 1,0 (30° of bank in about 1.8 sec). There were two

aéa max
occurrences of missed approaches (rated 10) due to inability to roll out

quickly enough - even w:th full control! input-to complete the side-step without
badly overshooting the runway; poor planning or positioning while rolling in or

out of the maneuver probably was the cause, but there was no margin availabl-

7

*y

for such errors in technique.
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Trends of pilut rating with yaw ~.u..  power are shown in Fig, 4-2
fc. + ~.swind aud no-crosswind condition:. might be expected, in no-
crooinu sl conditions very little rudrier - o is needed with X-15 and X-13
whici:x =2 woli-damped (Cd = J,4) and k- y little Dutch roll excitation
from 1. yn_rnl imnuts; in fact .y« . ptable feet-on-the-floor
approachs:y w0 Finas cat we o wo. rthose circumstances,

Mainly as « rewuldi o1 th. Le53c configuration (low directicnal
stability and low roll/yew coupi: .o rrom small values of LB’ Np’ and Néa)’

wing-low crosswind corrections pu* small demands on rudder power, and the
decrab maneuver was the critical one.! These preliminary data indicate

that the area of clearly adequate control power lies above Nérér Sax - 0.4.

With the particular N = 0.3 case rated 10, a late start or the

érér max
decrab resulted in the airplane reaching the touchdcwn zone with an un-
acceptably large crab angle which could not be readily "kicked out';
although successful no-drift touchdowns were often made with less ruddc~

use, there was little margin for error,

Effects of N
P

As indicated in Table 3-1. configurations X-15 and X-13 were
essentially the same except for the value of the yaw due to roll derivative,
Np (0.1 for X-15, -0,3 for X-13), which caused configuration X-13 to yaw
more on uncoordinated turn entries, and to have more Dutch roll excitation

on entry =¢ wing-low crosswind correction sideslips.

gy might be noted that due to low . "hedral all configuations flown appeared
to the pilot to be decoupled, with the Dutch roll being essentially a wings-
level yawing ozcillation. The decrab maneuver thus was simple to perform
requiring only a properly timed heading change with the rvdd-r,

P
1
(o}
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Figure 4-Z. Pilot Rating Trends as a Function of Yaw Control Power,

The data in Table 4-2 are taken from selected runs with

comparable (and satisfactory) levels of Léa and N6r°

Although therc were no specific comments on problems with
rudder usage, and the peak control inputs are of about the same level,
the ratings tend to indicate a higher workload with 4-i3, Agoin, more

data are needed to confirm this.

Effects of Dutch Roll Damning

Configuration X-4 was the same as X-13 in its characteristics
except for a lower Dutch roll damping ratio (g, = 0.4 for Xx-13, 0.1 for
(44

X-4). In runs with the same conditions of crosswind and technique,

-



X-4 w s cons®>tently degraded one-half unit in pitc: rating comparcd
to X-13, and was described as "iightly dampea in the commentary.
Wity faverable control power and sensitivity, however, this level of

demping in itself would not appear to present piloting problems.

TABLE 4-2
Pilot Ratings for Two Levels cof Np

Configuration X-15 : Np = -0,1

Configuration X-13 : N = -0.,3

P
Maximum Maximuwn
Flight Condition Roll Power Used | Yaw Power Used | Pilot Rating
X-15 X-13 | X-15 X-13 | X~15 X-13
'Visuz] Sidestep, No +.69 +.96 | +.31 s12 oo, ;5 o
Crosswind -.33 -.75 | -0.10 ~-.11 : T
Left Crosswind 10 kt, +.83 ! +,75 | +,23 +,086 3.0 4.5-5.0
Wing~Low Correction -.66 j -1.22 | -.14 -.20 : ' *
1 + —
Left Crosswind 15 kt, e1.25 | 497 [+.23 | +.003 | s0 s |
Wing~Low Correction l -0.47 j -1.15 | -.21 -.186 : :

4-8
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CONCLUSIONS

The following concl .sions are based on a limited sampling of simu-

lated STOL transport configurations flown to tuuchdown out of 6°, 75 kt MLS

approaches, usually with a sidestep maneuver:

4
1.
2,
3.
4,
5.
]

The utility of the variable response airplane with side force surfaces
in this simulation mode - STOL transport crosswina operations - was
successfully demonstrated, All of the planned functions except wind

gradient with altitude were demounstrated,

The roll control power results appear to be quite sensitive to the
geometry of the approach, particularly the sidestep maneuver; in this
case, the .ow initiation altitude of 200 ft AGL and 200 ft off.et from
the runway centerline called for prompt and correct pilot action and
tended to favor high control power,

Based on these preliminary trials with moderate roll damping ('rr = 0,5 sec),
roll control power as low as Léada nax - 0,25 rad/sec? may be acceptable
for straignt-in approach, no-crosswind operations; in order to have

clearly acceptable control in conditions involving moderate crosswind and
maneuvering, Léaéa nax 2 1.0 rad/sec2 is needed, This corresponds to a
capability to bank 30° in about 4 sec in the first case and about 1.8 sec

in the second.

Although zero rudder power is accep.able in some non-maneuvering cases,

nermal operations with crosswinds appear to require N 2 0.4

or )
8r " max
rad/secz.

Significant degradation in pilot rating may be obtained by changing the
value of yaw due to roll rate from Np = ~0,1 to -0.3, or by lowering
Dutch roll damping ratio from ;d = C.4 to 0.1; however, given adequate
conirol power and sensitivity, the basic configuration under study was

not seriously compromised by either change.

5-1
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APPENDIX A

VARIABLE~RESPONSE RESEARCH AIRCRAFT

The Princeton Variable-Response Research Aircraft is based
upon a modified Ryan Navion light airplane. The most important airframe

modifications made are as follows:

o The flap hinging and actuation have been changed
to permit upward as well as downward deflection of the
tlap and thus increase lift modulation capability.

o The rudder area has been increased by approximately
50 percent to improve yaw control power.

e The normal Navion main landing gear struts have heen
replaced by those from a Camair twin (Navion conversion)
to permit landing sink rates as high as 12.5 f* /sec.

® Side-force surfaces are installed on each win-
The surface used is shown in Figure 2-2. The span of
the side-force surface below the wing was determined
by the maximun height which would allow 10 deg of hank
with the landing gear shock strut compressed. The span-
wise and chordwise location of the surfaces was prima-
rily governed by the considerations of structural
strength and ease of installation.

Variable Response Contrel System

The most basic modification of the airplane is the provision
of a "fly-by-wire" control system. Fast-acting hydraulic servos are
used to drive the ailerons, rudder, elevator, flapc, and side-force
surfaces. Signals from the evaluation pilot's controls and sensors
measuring the flight variables are appropriately processed and summed,
and they provide the net signal for each servo-actuator. The magnitude
scaling of each control or sensor signal is done by a separate pctenti-

ometer in the airplane; thus, by properly varying the pctenticmeter

RETE
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settings, the dynamic response characteristics of the basic Na'on may

he charced in & désxlred manner in flight.

Several interconnects are provided to achieve single-degree-of-
freedom zontrcl. An interconnect betwecn flap and elevator can be so
adjusted that the flap defiection will produce only incremental lift,
the pitching moment due to flap being cuncclled by the elevator de-
flection. Similarly, a coupling of side-force surfaces with ailerons
and rudder is used to eliminate rolling and yawing moments due to side-
force surface delection, so that the side-force surfaces may act as
pure side-force generators, It is thus possible to achieve indezpendent

control over the three angular and three linear degrees of freedom.

Cockpit an” Evaluation Pilot Controls

The instrument panel and controls are shown in Figure A-1, The
left seat is occupied by the safety pilot, who operates the normal Navion
wheel and rudder pedals and power plant controls. An overhead panel
contains gain potentiometer and switches which can be operated by the
safety pilot to vary the stability and control parameters for simulating
the desired configuration. A meter (see Figure A-1) is provided to in-
dicate the position of the side-force surfaces. Controls are located
just below the meter for operating side-force surfaces. The safety-
pilot uses the side-force control to balance the airplane for a straight,
level-flight condition and then with a separate control sets the side force
surfaces according to a calibrated scale for any steady sideslip condition,
such as a simulated c¢rnsswind. Upon system disengage, the surfaces return

to the pre-set trim deflection.

Tne gain potentiometers limiting the maximum deflection of
ailerons and rudder are lccated on two hand-held boxes and can be oper-
ated by the safety pilot to vary the maximum roll and yaw power avail-

able to the evaluation pilot. The ccntrol motion gradients--surface



Figure A-1. VRA Instrument Panel,

deflection per inch movement of control ~- can be varied by changing
the gain potentiometer- located on the overhead panel on safety pilot's
side. The gain potentiometers for turbulence simulation are located

on the lower cencral panel and can be adjusted by the safety pilot.

The evaluation pilot is seated on the right and is provided
with a standard flight instrument layout and conventional column,
rudder, and power controls. Control feel at the columr and rudder pedals
is provided by springs whicn can be ground adjusted for changing the
gradients. The current values for linear force gradients, break-out

force, and travel are as follows:

A
Poor Ou;:(itn.'f
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TABLE A-1

Force Gradient, 1b/in.

1 Break out, 1b

Travel, inch

Roll column
Rudder pedal
Pitch column

1.0
30.1
4.0

0.5
1.5

0.5

:3.6
+2.0

3.0 fwd; ;
4.9 a¥t

Special controls are provided to ensure safety during this

potentially hazardous landing research flight operation.

The safety

pilot can disengage or override .. - ~valuation pilot by a disconnect

switch on the control whe.. in case of a malfunction or unsafe condi-

tion. Manucl override is possit = for all the hydraulic servc actua-

tors, and system failv =s are indicated by warning lights.

A-4
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APPENDIX B

SIDE FORCE AUTHORITY

In order to determine the authority of the side-force surfaces,

the following flight tests were performea:
e Flight calibration of the sideslip (B) vane

e Determination of stability derivatives of basic Navion
with side-force surfaces held at neutral position

e Sieady sideslip configuration flown with side-force
surfaces held at a variety of angles

Flight Calibration of B Vane

Two B vanes were installed; one was mounted on the boom ex-
tending in the spanwise directicn from the tip of the starboard wing,
while the other vane was on the boom extending in the chordwise direc-
tion in front of the wing tip. A simple cockpit sighting aid which
could be aligned with the ground track permitted the angular differ-
ence between track and airplane longitudinal axis to be determined.

The airplane was first flown in straight-and-level flight over a

straight section of railroad track and the pointer of the tracking aid
zeroed. The airplane was aligned with the raiiroad-defined ground trach,
so that the angle by which the pointer moved indicated the true anglc of

sideslip. The two R-vane readings were recorded by telemetry.

The experiment checked correspondence with true B, and it
verified that tue B-vane measurement is not affected by the wake uf

the side-force surfaces when deflected at various angles.

.



Further, the spanwise-mounted B vane showed approximately i

one-to-one correspondence with the readings obtained by the tracker.

(Fig. B-1). Since this vane is close to the extended line of the c.g.
of the airplane, the need for yaw rate correction is eliminated.

Stability Derivatives of the Basic Navion

Installation of the side-force surfaces caused some changes in
the stability derivatives of the basic Navion. To determine the
effectiveness of the side-force surfaces (Ydy) and to facilitate the
future simulation of the STOL configurations, it was necessary to obtain
the stability derivatives of the Navion with the side-force surfaces
held fixed at zero angle. An analog matching procedure was used, whereby
the response of the actual airplane to that of the analog simulated
model is matched by feeding the airplane control input to the computer
model by telemetry. The details of the analog matching method are given
in Reference 11. The resulting lateral-directional stability derivatives

are given in Table B.2,

Steady Sideslip Experiment

The governing lateral-directional equations of motion for the
Navion, with side-force surfaces, may be written (in stability axes)

as follows:

i

- Sy
(s+Yv) Av + VAr - ghA¢ Y TAér +Y yA )

é §

. 2
'LvAV - ulAr + (87 - Lps)A¢ LéaAda + LGrAGr + LsyAéy (B1)

NV + (s - NJAr - Nos A9 = Ny 86T + N, A + g, Aby

B-2




Figure B-1, In-Flight Vane Calibration.

Table B-1

VRA Lateral~Directional Model for 75-kt Airspeed

(Angles in radians, control deflections in inches)

N, = -0.685 L. = l.6 YB/‘./ = -0.315
Ng = 3.0 Ly = -6.096 g/V = 0,254
N = -0,199 L = -4.6 Y. /V= 0.25
P p 6y/

Ngg = =1.09 Lg, = 4392 N,(Sy = 1,54
Ng, = -4.12 Lg, = 11.4 Yo /V = = .047

k)
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For the steady sideslip case, the side-forre equaticn is

Ya -YCZ! Yor
V—AB-&%AQB: v Gy-"v—A(SI‘

Differentiating with respect to B yields

Y Y Y
- Y |
£t BV = - B Geynagy L BT g
or
Yoy . Y8 a3 wene)  Ver ose/as
= . _P _ g_ r T
v V.V (36y/38) TV @8y/3E)

For Special Case I, ¢ = 0, and

Y
Sy .y _ Eﬁ (36r/3B)

Vo B~V (38y/38)

-

For Special Case II, Gr = 0, and

<L<-<
o]

- YB _ g (3¢/38)
V (38y/2B)

- Al - 1
vuuLou Lo

(B2)

(B3)

(B4)

(BS)

For each setting of the side-force surfaces, the airplane

was flown in steady sideslips in both positive and negative directions,

and the following data were recorded by telemetry: bank angle (¢),

sideslip angle (B), rudder surface deflection (§vr), aileron surface

deflection (6a) and side-force surface deflection (8y}., The results are

shown in Figures B-2 and B-3 in the form of &r vs. B and ¢ vs. B .

The side-force derivative for the side-force surface, Y6y'

using these figures and the values of the stability derivatives Y

is calculated

B
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and Yér obtained from the analog matching.

The slopes (96r/3B) and (38y/9B) for ¢ = 0 (Case I), obtained
by rross plots of Figures B-2 and B-3, are shown as Figures B-4 and
B-5 respectively, Using these, Eq. (B4) yields

Ys /V = 0,253 sec_1 rad l.
y

The required slopes (3¢/3B8) and (38y/9B) for 6r = 0 (Case II)
are similarly obtained (Figures B-6 and B-7)., [Lquation (B5) gives

-1 -1
Ysy/v = 0,248 rad = sec .

Since ciue two values of Yéy obtained in Case I and II are

nearly equal, an average value of YG) = 0,25 rad'1 sec"1 wias selected.

As may be seen from the figures, the sideslip behavior is fairly
linear except for the case of ér vs, B for large values of 6r, This is
believed to be due to an increase in rudder effectiveness for lurge de-
flections, evidence of which was noted in the full-scale wind tunnel
test of the Navion reported in Ref. 6. Hence, at large rudder deflections,
relatively small increments in rudder deflection are needed to balance
the airplane in progreszively larger steady sideslip conditions, producing
the behavior observed in Fig. B-2. However, the nonlinearity is observed
for negative (right) deflection only, and no completely satisfactory
explanation has been found for (his asymmetric behavior, The nonlinearity
generally goes unnoticed by ev~luation pilots since they are either
operating with small sideslip excursions about a trim point, or are com-

manding rather large dynamic motions such as a decrab,
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Figure B-2, Flight Calibration, Rudder vs Sideslip.
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Figure B-3.

Flight Calibration, Bank Angle vs Sideslip.
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Figure B-4, Wings Level, Rudder vs Sideslip.

Figure B-5. Wings Level, Side Furce Surface vs Sideslip.
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Figure B-6, Neutral Rudder, Bank Angle vs Sideslip.
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Figure R-7, Neutral Rudder, Side Force Surface vs Sideslip,
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